Introduction
============

Cardiotoxicity is a prevalent side-effect following anti-cancer therapy, and is notoriously associated with the use of anthracyclines (ANTs) and human epidermal growth factor receptor 2 (HER2)-inhibitors. In recent years, HER2 has attracted great attention as a drug discovery target for breast and lung cancers due to the association of its overexpression with progression of malignancy and poor prognosis [@B1],[@B2]. Amongst the many HER2-targeted therapies that have successfully reached the market, trastuzumab (TraZ) and lapatinib (LAP) are two of the most studied and clinically applied [@B3],[@B4]. Furthermore, it has been shown that significantly better therapeutic outcomes can be achieved when HER2-inhibitors are administered in combination with ANT-based chemotherapy, such as doxorubicin (DOX) [@B5]. Importantly, combining HER2-inhibitors with DOX may be particularly useful in patients with previous ANT exposure to reduce the cumulative dose of DOX. However, for both TraZ [@B5] and LAP [@B6], this combination unfortunately leads to an increased risk of cardiotoxicity.

In this study, we focus specifically on the interaction between LAP and DOX for several reasons. First, LAP, which blocks both HER1 and HER2 [@B7], can potentially be used for other types of cancer as opposed to TraZ, which only targets HER2. Second, LAP works by reversible binding to the intracellular ATP-binding site of HER1 and HER2 tyrosine kinases, thus enabling it to target TraZ-resistant tumors that express truncated versions of HER2 [@B8]. Indeed, cancer patients at this stage often will have already undergone multiple courses of treatment, making them more prone to incidental adverse effects. Third, LAP is an oral medication that negates the need for frequent clinical visits over the course of a treatment regimen. However, reduced monitoring by medical professionals subsequently makes it difficult to catch cardiotoxicity early on, and prevent unnecessary patient risk exposure. Hence, cardioprotective strategies for use prior to and early in the administration of LAP, especially in conjunction with DOX, need to be developed.

It is well established that development of oxidative stress is a major mechanism of DOX-induced cell death in the myocardium [@B9]. This results from the formation of reactive nitrogen- and oxygen- species (RNS and ROS, respectively) [@B10], most notably peroxynitrite formed from nitric oxide (NO) and superoxide (O2^-^). NO is a negative regulator of β-adrenergic chronotropic and inotropic effects through the elevation of intracellular cGMP [@B11], and can also directly trigger cardiomyocyte apoptosis---a pivotal component of heart failure [@B12]. On the other hand, HER2 plays a crucial role during protection against oxidative stress and, accordingly, HER2 can protect cancer cells from apoptosis by suppressing iNOS expression and NO production [@B13]. In congruence with this mechanism, patients treated with an antibody against HER2 display increased cardiomyocyte death through a ROS-dependent mechanism [@B14]. Interestingly, it has been shown that DOX treatment actually induces the expression of HER2 in the rat heart, implying that HER2 upregulation might serve to counteract oxidative stress induced by DOX [@B15]. Indeed, activation of HER2 signaling by the ligand neuregulin-1β has been shown to protect against DOX-induced cardiotoxicity [@B16]. These lines of evidence suggest that drug therapies targeting HER2 may therefore be inhibiting the endogenous antioxidant systems necessary for maintaining normal heart function, especially in conditions of oxidative stress triggered by DOX. Since iNOS signaling is a major inducer of the ROS and RNS cascades, it is postulated that iNOS could represent the basis by which HER2 inhibitors can potentiate DOX-induced cardiotoxicity.

Cardiotoxicity can manifest at the level of acute mechanical dysfunction down to changes to intracellular organelles, cumulatively leading to loss of cardiomyocyte viability and the onset of cardiomyopathy. As such, choice of model system when probing the many causes and mechanisms of cardiotoxicity becomes crucial. Recent advances in large-scale cardiomyocyte (CM) production from human embryonic stem cells (hESC) and induced pluripotent stem cells (hiPSC), together termed human pluripotent stem cell-derived cardiomyocytes (hPSC-CMs), gives rise to the opportunity to establish a human *in vitro* model system capable of recapitulating drug-induced toxicities observed in patients [@B10],[@B17],[@B18]. This is because hPSC-CMs exhibit many characteristics of *in vivo* cardiomyocytes including appropriate ion channel, receptor and transporter expression, syncytial and contractile activities, and physiologically relevant electrophysiological and biochemical responses upon exposure to environmental stimuli. Indeed, Burridge and colleagues demonstrated the fidelity of hPSC-CMs to stratify patient susceptibility to DOX-induced cardiomyopathy [@B10]. Ultimately, it may be possible to generate safety indices for specific drugs by combining insights gained from *in vitro* assays utilizing patient-specific hiPSC-CMs with clinical and FDA-documented data [@B19]. In this study, we investigated the ability of LAP-plus-DOX to trigger apoptosis in hPSC-CMs, and the role of iNOS in this effect. We then explored cardiomyocyte apoptosis as a driver of cardiotoxicity following drug treatment in mice. Furthermore, we examined whether inhibition of iNOS could attenuate cardiotoxicity induced by LAP-plus-DOX without compromising the anti-cancer potency of the treatment in a murine SK-BR-3 breast cancer xenograft model.

Methods
=======

Human induced pluripotent stem cell generation
----------------------------------------------

All protocols were approved by the Institutional Review Board of Biomedical Science Research at Academia Sinica (approval number AS-IRB01-104027). All human iPSC cell lines were generated by the Taiwan iPSC Consortium. Blood samples from healthy donors were obtained, cryopreserved and reprogrammed after informed written consent. iPSCs were generated from cryopreserved peripheral blood mononuclear cells with OKSM (Oct4, Klf4, Sox2 and c-Myc) factors delivered using Sendai virus. Upon successful reprogramming on mouse embryonic fibroblasts, human iPSCs were maintained on hESC-qualified Matrigel (BD Biosciences)-coated plates in E8 medium (STEMCELL Technologies) until they reached 80-90% confluency.

Cardiomyocyte differentiation of human ESC and iPSC
---------------------------------------------------

A hESC cell line, RUES2, was obtained under license from the Rockefeller University. Undifferentiated hESCs and hiPSCs were grown in E8 (Stem cell Technologies) on Matrigel-coated plates and passaged every 4 days using Accutase (Innovative Cell Technologies). Cells were differentiated into CMs by sequential targeting of the Wnt pathway [@B20]. Following differentiation, CM purity was determined by flow cytometry analysis (\>90% cTnI^+^).

Compound exposure and toxicity evaluation
-----------------------------------------

hPSC-CMs were treated with either LAP (Selleckchem) or DOX (Selleckchem) alone, or in combination with each other, in the presence or absence of N^6^- (1-iminoethyl)-L-lysine (L-NIL; Cayman) for 24, 48 or 72 h as indicated. In some experiments, LAP was replaced with another HER2 inhibitor, either TraZ (Genentech) or afatinib (Selleckchem). In addition, human umbilical vein endothelial cells (HUVECs, Food Industry Research and Development Institute, Taiwan) and non-cardiac human embryonic kidney cells 293 (HEK293, ATCC) were used to evaluate cell specificity of LAP-plus-DOX toxicity. Cell viability was assessed by Trypan Blue (Bio-Rad) exclusion assay and TetraZ cell counting kits (BioLegend).

Annexin V and 7-AAD staining
----------------------------

After drug treatment, cells were dissociated with TrypLE express (Gibco). For detection of apoptosis, cells were stained with 7-aminoactinomycin D (7-AAD) and annexin V (both from BioLegend) following the manufacturer\'s instruction. Stained cells were then washed twice, resuspended in cold buffer, and analyzed using a FACSCalibur cell analyzer. The results were processed using CellQuest software (BD Biosciences).

Measurement of iNOS activity
----------------------------

iNOS activity in cell culture supernatants and cardiac tissue was determined as a function of total nitric oxide product formation (nitrate + nitrite), using a colorimetric enzymatic nitric oxide assay kit (Cayman).

Intracellular staining of inducible nitric oxide synthase (iNOS)
----------------------------------------------------------------

To stain for iNOS expression, cells were fixed with 4% paraformaldehyde (eBioscience) followed by permeabilization with 0.1% saponin (eBioscience) and subsequent incubation with anti-iNOS (Abcam) and corresponding isotype control.

Mitochondrial bioenergetics analysis
------------------------------------

Oxygen consumption rate (OCR) was assessed using a XF96 Extracellular Flux Analyzer (Seahorse Bioscience, Agilent Technologies). hPSC-CMs were seeded at densities of 1,000, 5,000, or 10,000 iPSC-CMs per well to determine the optimal cell number. A seeding density of 10,000 hPSC-CMs per well was chosen to conduct the experiments as this gave rise to a uniform monolayer with linear OCR. Prior to analysis, cells were incubated for 1 h in unbuffered RPMI (Life Technologies). OCR was obtained by plotting change in oxygen concentration over time and obtaining the gradient. After establishing baseline OCR, additional measurements were made following sequential automatic injections of a final concentration of 1 μM oligomycin (an ATP synthase inhibitor), 0.5 μM carbonyl cyanide p-\[trifluoromethoxy\]-ohenylhydrazone (FCCP, a mitochondrial uncoupler), and 0.5 μM rotenone/antimycin A (mitochondrial electron transport chain complex III inhibitor). Spare respiratory capacity was determined as maximal OCR minus baseline OCR.

LAP and DOX treatment protocol in mice
--------------------------------------

All mice were housed in individually ventilated cages (IVCs) at the animal core facility at the Institute of Biomedical Sciences, Academia Sinica. All procedures involving animals were carried out in accordance with the Guides for the Use and Care of Laboratory Animals (ARRIVE guidelines) and all animal protocols were approved by the Institutional Animal Care and Use Committee of Academia Sinica, Taiwan. Male C57BL/6 mice (\~8 weeks) were injected with a cumulative dose of up to 10 mg/kg LAP and/or DOX, or equivalent volume of vehicle control via intraperitoneal (i.p.) injections. Subsequent analyses were performed 7 days after drug injection. No mortality was associated with this dose regimen. For *ex vivo* analyses, mice were sacrificed by Zoletil (Virbac) overdose and the hearts were excised and either frozen in liquid nitrogen and stored at -80 °C or fixed in 10% neutral-buffered formalin solution for further studies. A separate cohort of mice was treated with L-NIL (1, 5, or 10 mg/kg i.p.) on top of LAP-plus-DOX.

Heart extraction and cell dissociation
--------------------------------------

The hearts were excised upon sacrifice from mice administered with heparin (100 IU/kg, i.p.) and anaesthetized with Zoletil (80 mg/kg, i.p.). The continually beating hearts were rinsed by immersion in ice-cold Hank\'s Balanced Salt Solution (HBSS, Gibco) immediately after removal. Freshly isolated whole left-ventricles were minced and dissociated into single-cell suspension with a cocktail of collagenase II (600 U/mL, Sigma-Aldrich) and DNase I (60 U/mL, AppliChem) in HBSS. After incubation at 37 °C for 60 min, with mechanical dissociation applied every 15 min, the cell-suspension was centrifuged, resuspended in cold HBSS and passed through cell strainers (70 μm mesh size, BD Falcon) to remove non-dissociated clumps. The cells were then pelleted by centrifugation at 300 ×g for 10 min and the red blood cells were removed from the sample using ACK lysing buffer (NH~4~Cl 150 mmol/L, Wako Pure Chemical Industries, Ltd.; KHCO~3~ 10 mM, J.T. Baker; EDTA 0.01 mmol/L, Sigma-Aldrich).

Measurement of caspase-3 activity
---------------------------------

Cardiac lysates were centrifuged at 10,000 ×g and protein concentrations were determined. Protein extracts were used for each assay reaction using a caspase-3 colorimetric assay kit (BioVison). The assay is based on spectrophotometric detection of the chromophore p-nitroaniline (pNA) after cleavage from the labeled substrate DEVD-pNA. pNA light emission, which indicates caspase-3 activity, was quantified using a microtiter plate reader at 405 nm.

Echocardiographic assessment of cardiac function
------------------------------------------------

Cardiac function for all treatment groups was assessed using noninvasive transthoracic echocardiography at 7 days after drug administration. Mice were anesthetized with 2% isoflurane, placed on a temperature-controlled heating pad, and had their chest shaved. Echocardiography was performed using a GE LOGIQ Ultrasound system with an i12L-RS linear array transducer probe. Left-ventricular internal dimension-diastole (LVIDd), left-ventricular internal dimension-systole (LVIDs), fractional shortening (LVIDd - dLVIDs / LVIDd × 100), and ejection fraction (left-ventricular volume at end diastole (EDV) - left-ventricular volume at end systole (ESV) / EDV) were calculated using the Teichholz formula at the mid- papillary muscle level in the short-axis view.

Detection of apoptosis by TUNEL assay
-------------------------------------

Terminal deoxynucleotidyl transferase dUTP-mediated nick-end labeling (TUNEL) was performed using ApopTag® Fluorescein *in situ* apoptosis detection kit according to the manufacturer\'s instructions (Millipore). The percentage of TUNEL-positive cells was calculated as follows: (number of TUNEL-positive cells / total number of nuclei) × 100.

Western blot
------------

Cytoplasmic and nuclear protein were extracted using the Nuclear and Cytoplasmic Protein Extraction Kit (Thermo Scientific). Myocardial protein extracts were resolved by SDS/PAGE and transferred onto a polyvinylidene difluoride membrane (Millipore). Membranes were blocked with 5% milk in Tris-buffered saline with Tween 20 for 2 h at 37 °C and then incubated overnight at 4 °C with primary antibodies. The primary antibodies used for all Western blots were ErbB2/HER2 (Cell signaling), phosphatidylinositol 3 kinase (PI3K, Cell signaling), phospho-PI3K (Cell signaling), protein kinase B (Akt, Cell signaling), phospho-Akt (Ser473) (Cell signaling), phospho-IκBα (Cell signaling), nuclear factor kappa B (NF-κB, Cell signaling), iNOS (Abcam), histone (Cell signaling), or β-actin (GTX-109639, GeneTex).

Immunohistochemistry
--------------------

Paraformaldehyde-fixed tissue sections were subjected to antigen retrieval by heating in 10 mM sodium citrate buffer (pH 7.2) for 10 min in a microwave, then treated for 5 min in 3% hydrogen peroxide to block endogenous peroxidase activity. Tissue sections were incubated with antibodies against iNOS (Abcam) or Collagen I (Abcam) overnight at 4 °C. Isotype control antibodies were used in negative controls. Sections were subsequently developed with a 30 min incubation step with a polymer-HRP detection kit QD420-YIK (BioGenex) followed by 3,3\'-diaminobenzidine detection.

Murine SK-BR-3 breast cancer xenograft model
--------------------------------------------

Human breast cancer cell-line, SK-BR-3, was obtained from ATCC and maintained in Dulbecco\'s Modified Eagle\'s Medium (DMEM) with 10% FBS. For *in vivo* experiments, 6-8-week-old female BALB/c-nu mice were purchased from the Taiwan National Laboratory Animal Center. To inoculate the mice, a cell suspension of 100 μL of PBS containing 5x10^6^ luciferase-transfected SK-BR-3 cells was subcutaneously injected into the bilateral fat pads surrounding the fourth mammary glands of the nude mice. Serial measurements of tumor photon flux from all SK-BR3-bearing nude mice were taken using an IVIS® Spectrum *In Vivo* Imaging System (PerkinElmer) at weekly intervals, starting from time of inoculation until sacrifice 42 days later. At each imaging time-point, Luciferin (150 mg/kg body weight) was administered into the peritoneal cavity.

Cardiac catheterization
-----------------------

Hemodynamics measurements were taken by catheterization with a pressure-volume catheter with a diameter of 1.4F and 0.8F along the catheter body (Millar Instruments, Houston, SPR‐839) at 42 days after inoculation with SK-BR-3 cells. The catheter was inserted into the right carotid artery and advanced to the left ventricle (LV). One milliliter of blood was drawn from the heart to calibrate electrical conductivity for volume conversion. Baseline LV pressure‐volume loops were recorded after stabilization, and the inferior vena cava was transiently compressed through an incision in the upper abdomen to obtain occlusion loops. The pressure-volume loops with volume calibration were analyzed with commercial software (PVAN3.2; Millar Instruments).

Qualification of cardiac troponin I concentration
-------------------------------------------------

For analysis of cardiac troponin I levels, blood was drawn from the anesthetized mouse, after which animals were sacrificed by cervical dislocation. Samples were centrifuged at 1700 ×g for 10 min at 4 °C and stored at -80 °C. Levels of cardiac troponin I were measured using the High Sensitive Mouse Cardiac Troponin I ELISA Kit (Life Diagnostics).

Gene expression analyses via real-time RT-PCR
---------------------------------------------

Total RNA was purified from myocardial tissue using the RNeasy Mini Kit (Qiagen) and reverse transcribed to cDNA using MMLV reverse transcriptase (Promega). Real-time PCR reactions were performed in triplicate on a StepOne® Real-Time PCR System (Applied Biosystems) using the LightCycler® FastStart DNA MasterPLUS SYBR Green I kit (Roche) and oligonucleotide primers specific to target genes. The mixture was incubated at 95 °C for 10 min followed by 40 cycles of 95 °C for 10 s, 60 °C for 15 s, and 72 °C for 10 s. Quantitative data was obtained by calculating the crossing point (CP) value, or the turning point that corresponded to the first maximum of the second derivative curve, using the LightCycler3 data analysis software. The following primers were used: β-actin, f: 5\'-GCATTGCTGACAGGATGCAG-3\', r: 5\'-CCTGCTTGCTGATCCACATC-3\'; atrial natriuretic peptide (ANP): f: 5\'-CCTAAGCCCTTGTGGTGTGT-3\', r: 5\'-CAGAGTGGGAGAGGCAAGAC-3\'; brain natriuretic peptide (BNP): f: 5\'-CTGAAGGTGCTGTCCCAGAT-3\', r: 5\'-CCTTGGTCCTTCAAGAGCTG-3\'. mRNA levels of β-actin were taken for normalization. Relative mRNA levels in untreated controls were set to 1.0.

Statistical analysis
--------------------

All data are presented as mean ± SD. Group differences were assessed by *t*-test, and three or more data sets were compared using one-way ANOVAs with Bonferroni\'s multiple comparison post-hoc test for measuring significance. *P*-values of *P* \< 0.05 were considered statistically significant.

Results
=======

LAP-plus-DOX combined treatment results in synergistically increased toxicity in hPSC-CMs, in a dose- and time-dependent manner
-------------------------------------------------------------------------------------------------------------------------------

hPSC-CMs were generated from four independent cell-lines and demonstrated expression of sarcomeric proteins such as α-actinin (**Figure [1](#F1){ref-type="fig"}A**) and cardiac troponin I (cTnI; **Figure [1](#F1){ref-type="fig"}B**). In addition, HER2 expression was confirmed in these cardiomyocytes using flow cytometry (**Figure [1](#F1){ref-type="fig"}C**). Exposure of hPSC-CMs to DOX for 24 h resulted in a dose-dependent decrease in cell viability compared to vehicle-treated control cells, with an IC~50~ of 4.3 and 58.2 μM for iPSC-CM and RUES2-CM, respectively (**Figure [1](#F1){ref-type="fig"}D**). Based on the pharmacokinetic characteristics of LAP in humans, i.e., steady-state plasma peak (C~max~) and trough (C~min~) concentrations for a daily dose of 1200 mg being 2.7 and 0.8 μM, respectively [@B21], we treated hPSC-CMs with LAP at concentrations of 0.05-5 μM in conjunction with DOX at 3 different concentration (0.5, 1.0, and 2.5 μM) to model combined treatment (LAP-plus-DOX). In line with a previous study which examined cytotoxicity after 72 h of LAP treatment in five healthy control hiPSC-CM lines [@B19], LAP alone was not highly cytotoxic in hPSC-CMs at concentrations of 0.05-5 μM (**Figure [1](#F1){ref-type="fig"}E**). At concentrations of DOX above 1.0 μM, combined treatment with LAP at concentrations above 2.5 μM significantly reduced the viability of hPSC-CMs compared to DOX alone (**Figure [1](#F1){ref-type="fig"}E**). Therefore, we selected LAP (2.5 μM) plus DOX (1.0 μM) to investigate the toxic effects on hPSC-CMs over time. A treatment duration of 24 to 72 h was chosen based on the half-life of these drugs in humans being 14-24 h for LAP and 20-48 h for DOX. For each time-point, treatment of hPSC-CMs with LAP alone, i.e., in the absence of DOX, did not have a significant impact on the percentage of cell death (**Figure [1](#F1){ref-type="fig"}F**). However, LAP-plus-DOX synergistically decreased the viability of hPSC-CMs (**Figure [1](#F1){ref-type="fig"}F**), indicating that LAP potentiated DOX-induced toxicity. We next substituted LAP with another HER2 inhibitor, either TraZ or afatinib, to investigate whether synergistic toxicity was a drug-class effect. At concentrations of DOX above 1.0 μM, combined treatment with TraZ at concentrations above 100 μg/mL significantly reduced the viability of hPSC-CMs compared to DOX alone (**Figure [1](#F1){ref-type="fig"}E**). However, neither afatinib alone nor afatinib-plus-DOX induced significant toxicity (**Figure [1](#F1){ref-type="fig"}E**). Interestingly, LAP potentiation of DOX-induced toxicity appeared to be cell-type specific as combined treatment did not appear to synergistically decrease the viability of HUVEC or HEK293 cells (**Figure [1](#F1){ref-type="fig"}F**).

A non-apoptotic concentration of LAP potentiates DOX-induced hPSC-CM apoptosis
------------------------------------------------------------------------------

Next, we selected the 24 h treatment time-point to elucidate the mechanism behind the synergistic toxicity of LAP-plus-DOX combined treatment. Positive Annexin V staining precedes the loss of membrane integrity during the early stages of programmed cell death (**Figure [1](#F1){ref-type="fig"}G**). Viable and early-apoptotic cells with intact membranes exclude 7-AAD, whereas the membranes of late-apoptotic cells are permeable to both Annexin V and 7-AAD (**Figure [1](#F1){ref-type="fig"}G**). Annexin V-FITC and 7-AAD double-positive staining showed that DOX treatment could induce apoptosis in hPSC-CMs, as opposed to vehicle control and the LAP-treated groups (**Figure [1](#F1){ref-type="fig"}H**). Notably, whilst LAP by itself induced very little toxicity, the rate of apoptosis in the LAP-plus-DOX group was significantly higher than in the DOX alone-treated group (**Figure [1](#F1){ref-type="fig"}H**). These findings suggest that LAP treatment may enhance the sensitivity of hPSC-CMs to DOX-induced toxicity, mainly through synergistically increased apoptosis.

L-NIL-mediated inhibition of iNOS in hPSC-CMs reduces synergistic apoptosis induced by LAP-plus-DOX combined treatment
----------------------------------------------------------------------------------------------------------------------

With previous studies demonstrating that DOX-induced cardiomyocyte death is mediated by NO production [@B22], we next aimed to clarify whether LAP-plus-DOX combined treatment had an effect on pathways related to these findings. Using flow cytometry, cTnI^+^-gated cells were subsequently assessed for iNOS-expression and a synergistic effect of LAP-plus-DOX on iNOS expression was observed (**Figure [2](#F2){ref-type="fig"}A**). Whilst LAP alone slightly increased NO production, the addition of LAP significantly increased DOX-induced NO production (**Figure [2](#F2){ref-type="fig"}B**). Thus, we further investigated whether L-N^6^-(1-iminoethyl)-lysine (L-NIL), a selective iNOS inhibitor that competes with arginine for the active site of iNOS, could concomitantly suppress apoptosis and NO production in LAP-plus-DOX-treated cardiomyocytes. At a dose range of 5 to 25 μM, L-NIL significantly attenuated apoptosis in the LAP-plus-DOX group compared to the DOX-alone group (**Figure [2](#F2){ref-type="fig"}C-D**). This effect was consistent with lower iNOS activity, as indicated by reduced production of NO (**Figure [2](#F2){ref-type="fig"}E**), and could also be observed in TraZ-plus-DOX-treated cardiomyocytes (**Figure [S1](#SM0){ref-type="supplementary-material"}**). Intriguingly, L-NIL-mediated cardioprotection still occurred in hiPSC-CMs treated with DOX alone, suggesting that L-NIL protects against apoptosis at the level of NO (**Figure [2](#F2){ref-type="fig"}C-E**). As one of the most potent regulatory effects of NO is the slowing of respiration through cytochrome c oxidase inhibition [@B23], we subsequently investigated the role of iNOS inhibition on mitochondrial oxygen consumption *in vitro*. We found that LAP-plus-DOX caused a decrease in respiration rate, which could be reversed upon supplementation with L-NIL (**Figure [2](#F2){ref-type="fig"}F**). Taken together, these findings suggest that LAP may potentiate DOX-induced apoptosis and mitochondrial dysfunction through iNOS-dependent nitrosative stress, and that NOS inhibitors can be used to restore mitochondrial respiration and cell viability.

L-NIL-mediated inhibition of iNOS in hPSC-CMs abolishes activation of PI3K/Akt and NF-κB signaling pathways induced by LAP-plus-DOX combined treatment
------------------------------------------------------------------------------------------------------------------------------------------------------

To further investigate the mechanism behind iNOS inhibition in the context of LAP-plus-DOX cardiotoxicity, HER2 and its downstream signaling were investigated. L-NIL inhibition of iNOS did not affect the expression (**Figure [2](#F2){ref-type="fig"}G**) or phosphorylation (**Figure [2](#F2){ref-type="fig"}H**) of HER2. Next, we examined PI3K/Akt signaling, which is mutually regulated by iNOS and HER2 signaling. We found that LAP-plus-DOX promoted PI3K and Akt phosphorylation whereas iNOS inhibition downregulated PI3K/Akt activity (**Figure [2](#F2){ref-type="fig"}H**). Given that PI3K/Akt signaling is a critical regulator of NF-κB activation [@B24], the possible inhibitory effects of L-NIL on IκB phosphorylation were further investigated. Whilst LAP-plus-DOX augmented phosphorylation of IκB, this effect was repressed by L-NIL (**Figure [2](#F2){ref-type="fig"}H**). To further confirm whether PI3K/Akt signaling contributes to LAP-plus-DOX-induced NF-κB activity, we also examined NF-κB nuclear translocation and found that LAP-plus-DOX-induced NF-κB p65 nuclear translocation was inhibited by L-NIL. Taken together, our results show that the PI3K/Akt/NF-κB signaling axis is involved in LAP-plus-DOX-mediated cardiotoxicity and can be modulated by iNOS inhibition.

L-NIL-mediated inhibition of iNOS attenuates myocardial apoptosis and systolic dysfunction in mice administered with LAP-plus-DOX combined treatment
----------------------------------------------------------------------------------------------------------------------------------------------------

To confirm whether our findings of increased apoptosis upon LAP-plus-DOX treatment in hPSC-CMs could be applied *in vivo*, mice were divided to receive i.p. injections of either LAP (LAP1: 1 mg/kg, LAP5: 5 mg/kg, or LAP10: 10 mg/kg), DOX (DOX2: 2 mg/kg, DOX5: 5 mg/kg, or DOX10: 10mg/kg), or LAP-plus-DOX (LAP1 + DOX 5, LAP5 + DOX5, or LAP10 + DOX5). Preliminary studies in wild-type mice indicated that the C~max~ concentration after a single 10 mg/kg i.p. bolus dose ranged from 1000 to 4000 ng/mL (**Figure [S2](#SM0){ref-type="supplementary-material"}**), which is comparable with human plasma C~max~ values (4.2 μM or 2432 ng/mL) after a daily oral 1250 mg dose. At 72 h after treatment, hearts were harvested, digested and the isolated cardiomyocytes were stained with annexin V and 7-AAD (**Figure [3](#F3){ref-type="fig"}A**). We found that co-treatment of mice with LAP10 plus DOX5 (combo) significantly increased the percentage of apoptotic cardiomyocytes compared to those treated with DOX5 alone (**Figure [3](#F3){ref-type="fig"}B**). This dose-regimen was therefore selected for following experiments investigating the cardioprotective potential of iNOS inhibition on LAP-plus-DOX-mediated cardiotoxicity. We found that treatment with L-NIL could attenuate combo-mediated apoptosis in mice, also in a dose-dependent manner (**Figure [3](#F3){ref-type="fig"}B**). Out of three dose-regimens tested, a 10 mg/kg dose of L-NIL exhibited the strongest response. Moreover, a time-course study revealed that activation of caspase-3 by DOX, which was further augmented by co-treatment with LAP, was attenuated in response to L-NIL rescue (**Figure [3](#F3){ref-type="fig"}C**). In parallel, we observed a downregulation in the number of TUNEL-positive cells at 7 days in combo treated mice receiving L-NIL (**Figure [3](#F3){ref-type="fig"}D**), which was associated with preserved left-ventricular function (**Figure [3](#F3){ref-type="fig"}E**). Hematoxylin and eosin staining evaluation of myocardial immune infiltration showed that DOX induced interstitial mononuclear infiltration, which was further enhanced when DOX was combined with LAP (**Figure [3](#F3){ref-type="fig"}F**). L-NIL reduced LAP-plus-DOX-stimulated cell infiltration, suggesting that iNOS inhibition counteracted the inflammatory cellular infiltrates evoked by combined treatment. Immunostaining revealed prominent iNOS expression in the hearts of combo-treated mice, whereas expression was weaker in LAP- or DOX alone-treated hearts (**Figure [3](#F3){ref-type="fig"}F**). Interestingly, immunostaining of iNOS showed that expression was localized not only in cardiomyocytes but could also be observed in infiltrating cells in the myocardium (**Figure [S3](#SM0){ref-type="supplementary-material"}**). Notably, no iNOS expression was observed in control hearts (**Figure [3](#F3){ref-type="fig"}F**). Western blots similarly showed significantly increased levels of iNOS protein in combo-treated mice, with a lesser extent in LAP- or DOX alone-treated mice (**Figure [3](#F3){ref-type="fig"}G**). Consistently, LAP or DOX alone induced NO generation in the heart, which was potentiated upon combining the drugs (**Figure [3](#F3){ref-type="fig"}H**). As expected, treatment with L-NIL did not alter expression of iNOS protein levels in the myocardium (**Figure [3](#F3){ref-type="fig"}F-G**) but instead decreased NO production, thus confirming inhibition of iNOS activity (**Figure [3](#F3){ref-type="fig"}H**).

L-NIL-mediated cardioprotection does not compromise the anti-cancer potency of LAP-plus-DOX combined treatment
--------------------------------------------------------------------------------------------------------------

To investigate the possibility that L-NIL-mediated cardioprotection may compromise the anti-cancer potency of LAP-plus-DOX combined treatment, we administered the drugs in a murine xenograft model of SK-BR-3 breast cancer. A non-invasive *In Vivo* Imaging System (IVIS) was used to follow the induction of tumorigenesis and treatment effects in the xenograft model (**Figure [4](#F4){ref-type="fig"}A**). Serial images were taken from each experimental group after SK-BR-3 cell inoculation until sacrifice at 42 days after inoculation. In the control group, increases in bioluminescence were observed in the weeks following inoculation, indicating successful tumorigenesis. As expected, this was significantly attenuated in the LAP-plus-DOX group (**Figure [4](#F4){ref-type="fig"}B**), with high dose LAP-plus-DOX (LAP 10 mg/kg + DOX 10 mg/kg) exerting stronger inhibitory effects on tumor progression than low dose LAP-plus-DOX (LAP 5 mg/kg + DOX 5 mg/kg). This therapeutic effect lasted the entire 42 days after induction of tumorigenesis, thus validating the anti-cancer efficacy of LAP-plus-DOX in our xenograft model. We then co-administered L-NIL with high dose LAP-plus-DOX to investigate whether there would be any impact on LAP-plus-DOX anti-cancer efficacy. Crucially, L-NIL did not appear to compromise the effectiveness of LAP-plus-DOX combined treatment, based on comparing the inhibition of tumor progression between high dose LAP-plus-DOX in the presence (L-NIL group) or absence of L-NIL co-administration. This suggests that iNOS inhibition does not interfere with the efficacy of high dose LAP-plus-DOX (**Figure [4](#F4){ref-type="fig"}B**). Furthermore, we evaluated the degree of cardiotoxicity in the tumor-bearing mice based on animal survival rate (**Figure [5](#F5){ref-type="fig"}C**), plasma levels of cTnI (**Figure [5](#F5){ref-type="fig"}D**), echocardiography (**Figure [5](#F5){ref-type="fig"}E**), and catheter hemodynamic measurements (**Figure [5](#F5){ref-type="fig"}F**). As expected, although high dose LAP-plus-DOX exerted better anti-cancer effects, this was associated with marked cardiotoxicity. Increased mortality was observed in the LAP-plus-DOX-treated groups, which was associated with reduced body and heart weight (**Figure [5](#F5){ref-type="fig"}D**), as well as systolic dysfunction as measured by echocardiography (**Figure [5](#F5){ref-type="fig"}E**). Catheterization prior to sacrifice on day 42 similarly showed depressed LV contractility and relaxation in the LAP-plus-DOX groups, as evidenced by measurements of ±dP/dt and LV end-systolic and -diastolic pressure (LVESP/LVEDP) (**Figure [5](#F5){ref-type="fig"}F**). LV functional impairment was supported by observations of increased pathological severity in LAP-plus-DOX groups, such as increased cardiomyocyte apoptosis (**Figure [5](#F5){ref-type="fig"}G**), myocardial fibrosis (**Figure [5](#F5){ref-type="fig"}H**), plasma cTnI (**Figure [5](#F5){ref-type="fig"}I**) and gene expression of stress markers such as ANP and BNP (**Figure [5](#F5){ref-type="fig"}J**). Crucially, co-administration of L-NIL could distinctly alleviate the cardiotoxic effects of high dose LAP-plus-DOX treatment, as evidenced by significantly improved survival (**Figure [5](#F5){ref-type="fig"}C**) and protection against cardiac dysfunction (**Figure [5](#F5){ref-type="fig"}E-F**). Consistently, severity of myocardial apoptosis and fibrosis was attenuated upon L-NIL administration (**Figure [5](#F5){ref-type="fig"}G-H**), as well as the increases in plasma cTnI and gene expression levels of ANP and BNP (**Figure [5](#F5){ref-type="fig"}I-J**). Mechanistically, we observed that LAP-plus-DOX induced cardiotoxicity was associated with similar dose-dependent increases in iNOS expression and NO production, as confirmed by immunoblotting (**Figure [5](#F5){ref-type="fig"}A**) and colorimetric assay (**Figure [5](#F5){ref-type="fig"}B**), respectively. Co-administration of L-NIL resulted in a significant decrease in NO production, reflecting the cardioprotective effect observed. As expected, iNOS expression remained unaffected by L-NIL due to its mechanism of action in targeting the active site of iNOS.

Discussion
==========

Our results demonstrate that hPSC-CMs can consistently recapitulate the synergistic cardiotoxicity of LAP-plus-DOX combination therapy. Whilst LAP alone, at its pharmacological plasma concentration (2.5 μM), displayed minimal effects on hPSC-CM cell viability, this non-toxic concentration of LAP significantly augmented DOX-induced apoptosis. Mechanistically, this was accompanied by up-regulation of iNOS and NO production. Following these human *in vitro* findings, we further showed that prophylactic therapy with an iNOS inhibitor, L-NIL, significantly reduced cardiotoxicity in a murine model of LAP-plus-DOX-induced cardiac dysfunction. Importantly, in a murine SK-BR-3 breast cancer xenograft model, we observed that co-administration of L-NIL with LAP-plus-DOX resulted in reduced cardiac injury and dysfunction without compromising the anti-cancer potency of the combination treatment. Therefore, although previous studies have already validated the cardioprotective effect of iNOS inhibition in the context of DOX alone-mediated cardiotoxicity [@B22], this study expands the potential scope of this strategy to include cardiotoxicity induced by LAP-plus-DOX combined treatment.

The use of trastuzumab over LAP, in combination with ANTs, has been shown to result in higher risk of heart failure. Relatively low rates of cardiotoxicity have been reported with LAP, regardless of whether used alone or in conjunction with ANTs as a combination therapy. However, our study clearly shows that combining LAP-plus-DOX results in synergistic induction of apoptosis in hPSC-CMs. Based on previous studies showing that LAP treatment significantly increases DOX accumulation in cancer cells and hepatocytes by inhibiting transporter drug efflux [@B25],[@B26], it may also be possible that LAP facilitates the uptake and retention of DOX in cardiomyocytes. Therefore, LAP-plus-DOX synergistic cardiotoxicity may arise from simultaneous LAP-mediated inhibition of both DOX efflux and HER2 survival signaling, thereby exacerbating the severity of DOX-induced nitrosative stress and cardiac injury.

Moreover, LAP-plus-DOX-induced upregulation of iNOS expression was evident not only*in vitro* in hPSC-CMs (**Figure [2](#F2){ref-type="fig"}A**), but also *in vivo* in wild type mice (**Figure [3](#F3){ref-type="fig"}F-G**) and a breast cancer xenograft model (**Figure [5](#F5){ref-type="fig"}A**). The expression of myocardial iNOS has been associated with increased myocardial peroxynitrite, myocardial fibrosis, heart failure and cardiac sudden death [@B27]. This stress may induce the compensatory activation of multiple intracellular signaling pathways such as PI3K/Akt as shown by our data. Consistently, iNOS expression has been shown to be associated with increased oxidative stress [@B28] and subsequent activation of PI3K-dependent signaling via inactivation of tumor suppressor phosphatase and tensin homolog PTEN [@B29]. PI3K/Akt signaling has also been demonstrated to trigger NF-κB activation [@B24] and indeed, enhanced expression levels of phosphorylated PI3K/Akt and increased nuclear NF-κB were observed in our study (**Figure [2](#F2){ref-type="fig"}H**). Collectively, LAP-plus-DOX may activate PI3K/Akt/NF-κB signal transduction via iNOS, possibly leading to augmented inflammatory cell infiltration in the myocardium (**Figure [3](#F3){ref-type="fig"}F**) and subsequent cardiotoxicity.

Our findings that hPSC-CM can reproducibly model synergistic LAP-plus-DOX-induced cardiotoxicity show that there is considerable promise in using this*in vitro* human model to screen for new cardioprotectants. However, it is important to note that there are major differences between the cardiomyocyte microenvironment in our experimental set-up compared to that in the normal physiological context of the heart. In particular, treating a pure population of cardiomyocytes *in vitro* may not replicate the repertoire of processes occurring *in vivo*, given the lack of other cardiac cell types such as fibroblasts and endothelial cells. Regardless, our findings emphasize the importance of more studies and long-term follow-ups to fully elucidate the risk-benefit of combining LAP with ANT-based chemotherapies. Further insights into the molecular mechanisms behind drug-induced cardiotoxicity may be gained from using hiPSC-CMs generated from heart failure patients who have been treated with ANT and HER2-targeted drugs. Furthermore, gene editing may be utilized alongside iPSC reprogramming to explore the impact of genetic risk factors, such as the position of HER2 655 Val/Ile polymorphisms [@B30], in the pathology of HER2 inhibitor/ANT combination therapy-induced cardiotoxicity. These approaches will extend our findings to realize the goal of precision medicine for cardio-oncology and make these treatments safer for patients.
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![**Human iPSC-derived cardiomyocytes are capable of modeling the synergistic cardiotoxicity of lapatinib (LAP)-plus-doxorubicin (DOX) combination treatment. (A)** Representative phase contrast (left) and sarcomeric protein immunostaining (right) images of human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs). ACTN1: actinin alpha 1. Scale bars: 100 μm and 20 μm. **(B-C)** Flow cytometry analysis of cardiac troponin I (cTnI) and human epidermal growth factor receptor-2 (HER2) expression in hiPSC-CMs. **(D)** Effect of DOX treatment (after 24 h) on viability of hiPSC-CM and RUES2-CM using a TetraZ-based dye assay. **(E)** Quantification of cell viability in a representative hiPSC-CM line treated with LAP-plus-DOX, LAP-plus-trastuzumab, or LAP-plus-afatinib at different pharmacological plasma level concentrations. **(F)** Effects of LAP (2.5 μM) on DOX (1 μM)-induced hiPSC-CM, RUES2-CM, HUVEC, and HEK293 toxicity at different time-points based on quantification of cell viability. **(G)** Representative images of early (annexin V^+^) and late (annexin V^+^7-AAD^+^) apoptotic hiPSC-CMs 24 h after treatment with LAP-plus-DOX using image-in-flow cytometry. **(H)** Pro-apoptotic effects of LAP-plus-DOX on hPSC-CMs based on flow cytometry analysis of annexin V^+^ and 7-AAD^+^ cells. All data are presented as mean ± SD (n≥3). \**P* \< 0.05 vs. control; † *P* \< 0.05 vs. DOX.](thnov08p3176g001){#F1}

![**N^6^-(1-iminoethyl)-L-lysine (L-NIL)-mediated inhibition of inducible nitric oxide synthase (iNOS) in hPSC-derived cardiomyocytes decreases LAP-plus-DOX-induced toxicity. (A)** Cytoplasmic iNOS protein expression as determined in hiPSC-CMs treated with vehicle (Control), LAP alone (2.5 μM), DOX alone (1.0 μM), or both LAP-plus-DOX. Cells were labeled with anti-iNOS, or an isotype-matched antibody. Percentage of iNOS-expressing cells are displayed as representative flow cytometry histogram plots (left) and quantitative analysis (right). **(B)** iNOS activity, as a function of total nitric oxide product formation (nitrate + nitrite), was measured using a colorimetric assay. **(C)** Proportion of viable, apoptotic and necrotic cells, based on flow cytometry analysis of 7-AAD and Annexin V co-labeling. **(D)** Quantification of fold changes in apoptosis upon L-NIL co-administration. **(E)** Quantification of L-NIL-mediated iNOS inhibition based on total nitric oxide product formation. **(F)** Mitochondrial function of hiPSC-CMs cultured in each experimental group. Oxygen consumption rate (OCR) of hiPSC-CMs demonstrating basal OCR and spare OCR respiratory capacity measured after consecutive addition of oligomycin, FCCP, and antimycin. **(G)** Flow cytometry analysis of HER2 expression in hiPSC-CMs. **(H)** Effects of L-NIL on LAP-plus-DOX-induced HER2 activity, PI3K/Akt activation, IκBα phosphorylation, and nuclear translocation of NF-κB p65 subunit. All data are presented as mean ± SD (n≥3). \**P* \< 0.05 vs. control; † *P* \< 0.05 vs. DOX; ‡ by *P* \< 0.05 vs. LAP + DOX.](thnov08p3176g002){#F2}

![**L-NIL-mediated iNOS inhibition attenuates myocardial apoptosis and systolic dysfunction in mice treated with LAP-plus-DOX*.* (A)** Representative flow cytometry scatter plots and**(B)** statistical analysis of annexin V^+^ and 7-AAD^+^ cells from digested hearts of mice treated with different dose-regimens of LAP-plus-DOX.**(C)** Caspase-3 activity assay performed on ventricular extracts from hearts of mice treated with different drug-regimens for 0 to 7 days as indicated. **(D)** TUNEL immunostaining of left-ventricular sections at 7 days after drug administration. Percentages of TUNEL-expressing cTnI^+^ cells (white arrows) are displayed as representative images and cumulative data. TUNEL, red; cTnI, green; DAPI, blue. Scale bar: 10 μm. **(E)** Echocardiographic measurements of mice treated with different drug-regimens taken 7 days after commencement of treatment.**(F)** Hematoxylin and eosin-staining (left) and immunohistochemical localization of iNOS expression (right) in myocardial sections. Scale bar: 50 μm.**(G)** Western blots showing iNOS expression and **(H)** NO levels in the myocardium. In Figures (D-H): Control = vehicle; LAP = lapatinib 10 mg/kg; DOX = doxorubicin 5 mg/kg; Combo = LAP 10 mg/kg + DOX 5 mg/kg; L-NIL = vehicle + L-NIL 10 mg/kg; Combo + L-NIL = LAP 10 mg/kg + DOX 5 mg/kg + L-NIL 10 mg/kg. LVEF: left-ventricular ejection fraction; FS: fractional shortening; EDV: end-diastolic volume; ESV: end-systolic volume. All data are presented as mean ± SD (n≥4). \**P* \< 0.05 vs. control; † *P* \< 0.05 vs. DOX; ‡ by *P* \< 0.05 vs. Combo.](thnov08p3176g003){#F3}

![**L-NIL-mediated iNOS inhibition maintains anti-cancer potency of LAP-plus-DOX combined treatment in a murine SK-BR-3 breast cancer xenograft model*.* (A)** Tumor progression displayed as representative serial, non-invasive *In Vivo* Imaging System images. **(B)** Time-course chart showing tumor size as determined by bioluminescent signal intensity in the region of interest, expressed in photons per second. Control = vehicle; Low = low dose of LAP (5 mg/kg) + DOX (5 mg/kg); High = high dose of LAP (10 mg/kg) + DOX (10 mg/kg); L-NIL = high dose of LAP + DOX + L-NIL (10 mg/kg). In (A), red arrows indicate the time points of drug administration. All data are presented as mean ± SD (n≥4). \**P* \< 0.05 vs. Ctl; † *P* \< 0.05 vs. Low; ‡ *P* \< 0.05 vs. High.](thnov08p3176g004){#F4}

![**L-NIL-mediated iNOS inhibition alleviates LAP-plus-DOX-induced cardiotoxicity in a murine SK-BR-3 breast cancer xenograft model*.* (A)** Immunoblots indicating iNOS and **(B)** NO levels in the myocardium. Cardiotoxicity was evaluated by **(C)** animal survival rate, **(D)** body weight and heart weight, **(E)** echocardiography, **(F)** catheter-derived hemodynamic measurements, **(G)** TUNEL-expressing cTnI^+^ cells (white arrows), **(H)** collagen I expression, **(I)** plasma levels of cTnI, and **(J)** gene expression of stress markers. Scale bars indicate 10 μm in (G) and 50 μm in (H), respectively. Control = vehicle; Low = low dose of LAP (5 mg/kg) + DOX (5 mg/kg); High = high dose of LAP (10 mg/kg) + DOX (10 mg/kg); L-NIL = high dose of LAP + DOX + L-NIL (10 mg/kg). LVEF: left-ventricular ejection fraction; LVFS: left ventricular fractional shortening; LVEDV: left ventricular end-diastolic volume; LVESV: left ventricular end-systolic volume; LVESP: left ventricular end-systolic pressure; LVEDP: left ventricular end-diastolic pressure; ANP: atrial natriuretic peptide; BNP: brain natriuretic peptide. All data are presented as mean ± SD (n≥4). \**P* \< 0.05 vs. Ctl; † *P* \< 0.05 vs. Low; ‡ *P* \< 0.05 vs. High.](thnov08p3176g005){#F5}
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